When bound to a protein, the coenzyme NAD+/NADH typically exists in an extended conformation, while in aqueous solutions it can be characterized by an equilibrium of folded and unfolded structures. It was recognized long ago that in the folded conformation light absorption at the adenine ring initiates an effective energy transfer (ET) towards the nicotinamide group, but the mechanism of this process is still unexplored. Here we apply ultrafast transient absorption measurements on NADH combined with compartmental model analysis for following the kinetics of the ET. We find that the actual ET is extremely rapid (~70 fs). The high rate can be well described by a Förster-type mechanism, promoted by both the special photophysical properties of adenine and the sub-nm inter-ring distance. The rapid ET creates a vibrationally hot excited state on nicotinamide, the vibrational and electronic relaxation of which is characterized by 1.7 ps and 650 ps, respectively.
INTRODUCTION
In living cells, the essential coenzyme nicotinamide adenine dinucleotide (NAD) exists in both enzyme-bound and free states. Hierarchical clustering of the enzyme-bound structures of NAD and the related NADP molecules, based on a large set of X-ray data, resulted in 11 distinct clusters 1 .
The majority of these structures correspond to unfolded conformations in which the distance separating the C 6A of the adenine (A) and the C 2N of the (dihydro)nicotinamide (NA) groups is larger than 12 Å. Due to the lack of X-ray data for the free states, the conformations of the oxidized (NAD + ) or reduced (NADH, Scheme 1) state of the coenzyme in solutions can be explored only by indirect methods. The results of extensive studies involving NMR 2-5 , absorption 6 , fluorescence 7-13 , circular dichroism 14 and IR 5 spectroscopy together with molecular dynamics calculations 15 can be summarized in a model describing a dynamic equilibrium between folded and unfolded states with a relatively high fraction of the former one in aqueous solutions. Nevertheless, this model is not free of contradictions, especially in the interpretation of the fluorescence kinetics data on direct excitation at NA. In contrast to its counterpart coenzyme flavin adenine dinucleotide (FAD),
showing an expected shorter fluorescence lifetime in its folded conformation, 16 NAD + /NADH have shorter lifetimes in their unfolded states. [10] [11] 13 This unusual order is explained by exciplex formation between the A and NA rings in the folded conformation. 10 However, still there is no direct proof for this interpretation of the biexponential fluorescence decay of NA 17 . Alternative models suppose a reversible excited-state reaction, 18 other (unspecified) photoprocesses 19 or need to explain even more complex kinetics. [20] [21] The situation calls for a detailed investigation of the excited state processes of NADH. The question of structural heterogeneity is best addressed by femtosecond spectroscopy, [22] [23] when carried out as a function of the ratio of folded to unfolded species.
4 Scheme 1. The chemical structure of NADH The close interaction between the two rings of NADH in its folded conformation is also indicated by the effective excited-state ET manifested in an intensive fluorescence from NA when the molecule is excited at A. 7-9, 12, 24-25 The explanation of the ET mechanism must be carried out in the light of the numerous studies reported on the special photoprocesses taking place on different model molecules for isolated A, as the 9H tautomer of adenine (9H-Ade) and its 9H-substituted analogues adenosine (Ado) and 2'-deoxyadenosine-5'-monophosphate (dAMP). 26 Time-resolved absorption, [27] [28] [29] [30] [31] fluorescence [30] [31] [32] [33] and photoelectron 34 spectroscopy data indicate that the excited states of these molecules depopulate non-radiatively in an extremely rapid (≤100-300 fs) process, thus setting a narrow sub-picosecond time window that makes efficient ET in NADH challenging. Surprisingly, the photoprocesses of NADH have been scarcely studied by the methods of modern femtosecond time-resolved spectroscopy. 5 Transient absorption (TA) experiments carried out with ps/ns time resolution by exciting at NA could not explore the details of the excited-state events, and mainly focus on the photoproducts such as ionic and radical forms of NADH and solvated electrons. [35] [36] [37] [38] To our knowledge, no similar study has been performed so far involving excitation of A. To fill these gaps here we show that applying TA measurement of high time resolution on aqueous solutions of NADH in which the equilibrium of the folded and unfolded conformers was controlled by the presence of methanol (MeOH), 2, 6, 8, 12, 39 it is possible to obtain a detailed map on the successive steps of the ET process from the excited A donor to the NA acceptor.
5

EXPERIMENTAL METHODS
Materials
β-NADH was purchased from Sigma-Aldrich in the form of disodium salt hydrate and was dissolved, without further purification, in 0.1 M PIPES (piperazine-N,N′-bis(2-ethanesulfonic acid)) buffer at pH 7.0. PIPES was proven to provide better conditions for cofactors than phosphate buffer due to the higher coenzyme degradation in the latter 40 . 3×10 -4 M NADH solution in the different mixture of the buffer and MeOH was prepared freshly and was kept at 24 ˚C during the TA measurements.
Steady-state spectra
The absorption spectra of NADH ( Figure S1A ) were recorded with a spectrophotometer before and after each TA measurement to monitor the optical density and chemical stability of the solutions. The change in the absorption spectra was negligible during the course of the measurements.
For estimating the efficiency of the ET the excitation spectra detected at 470 nm and corrected for instrument response ( Figure S1B ) and the emission spectra excited at 266 nm ( Figure S1C) were also detected at different MeOH concentrations [MeOH] .
TA measurements
The apparatus for TA measurement was previously described in detail. 41 Briefly, the beam of an amplified Ti:Sapphire system (5 kHz, 40 fs, 500 µJ) was split into two parts. One of them generated third harmonic pulses at 266 nm, constituting the pump for the sample with optical density of ~0.5, circulating through a 0.5 mm quartz capillary. The other beam travelled through a delay line and 6 then was focused into a 1.5-mm CaF2 plate for producing white light continuum (WLC) covering the 330-630-nm spectral range. The WLC beam was then further split into a probe and a reference, both of which passed through a spectrograph and were detected by a cooled CCD camera in order to measure the sample absorbance and the power fluctuation of the WLC, respectively. A chopper on the pump beam allowed recording alternatively the absorption of the sample with and without excitation, from which the differential absorption spectra were computed. The temporal resolution of the apparatus characterized by a wavelength-dependent Gaussian parameter described by (S3)-(S7) in Section 1 of the Supporting Information (SI) was 60-70 fs. An optimal tradeoff between an adequate signal-to-noise ratio and chemical stability of the samples was found at a pump power of 650 µW. The focal spot diameters of the probe and pump pulses were 35-40 μm and 120 μm, respectively. The relative linear polarization between the pump and probe beams was set at the magic angle (54.7) to avoid any contribution from the decay of anisotropy.
Analysis of the TA data
All calculations were carried out by homemade programs written in MATLAB.
First the raw data went through a preprocessing procedure described in Section 1 of the SI for removing the artifacts due to occasional bubbling in the sample and executing chirp correction and noise filtering. After that the datasets obtained for each [MeOH] were analyzed by a least-square fitting procedure, supposing exponential decay of two or three components. The actual fitting functions were constructed by the convolution described in (S4). In the first step of the analysis the kinetics at six characteristic wavelengths were fitted independently. The results of this model are shown in Figure S2 and Table S1 . The final presented results were obtained by a more sophisticated 7 global fitting model in which for a given sample the time constants of the exponentials were global free parameters while the amplitudes at every wavelength were local ones.
The above models took into account the corruption of the true TA signal -corresponding to pure NADH -by the contribution of the solvent, mainly due to creation of solvated electrons by excitation of water. 42 This error was corrected by subtracting the signal measured on the same mixture of PIPES buffer and MeOH in the absence of NADH, multiplied by a weighting factor lying in the (0, 1) interval. The proper value of this factor (in the first approximation independent of [MeOH]) was determined in two different ways. In the first approach, the weighting factors were also free parameters of the above fitting model, and then the obtained values were averaged. In the second one, the fittings were calculated with fixed weighting factor values from the sequence of 0.2, 0.3, ..., 0.8, and the results were visually inspected for minimizing the features in the residuals.
Both methods indicated that 0.5 is the optimal weighting factor.
RESULTS AND DISCUSSION
The occurrence of the ET process upon excitation at the A group is illustrated by the existence of the band around 260 nm in the steady-state excitation spectrum of NADH ( Figure 1A ). For the corresponding absorption and emission spectra see Figure S1 of the Supporting Information (SI).
In full consistency with previous findings, 12 the relative weight of this band decreases by adding MeOH which shifts the equilibrium of NADH conformers toward the unfolded states. Let us suppose that the ET takes place only from the excited state of NADH molecules being in the folded conformation and the probability of this process is p. Then denoting the fraction of this conformation at a given [MeOH] by f, an effective efficiency of the process can be calculated from the peak ratios in the absorption and excitation spectra, denoted A and E respectively, as (see Section 2 of the SI for details): The dependence of this effective efficiency on [MeOH], taking into account the contribution of NA to the absorbance at 250 nm 9, 43 is presented in Figure 1B . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 The overall temporal and spectral distribution of the TA signal of NADH excited in the absorption band of A (266 nm) is shown in Figure 2 for different values of [MeOH] . The most striking feature are two long-lived components, that dim out for higher [MeOH] , one absorbing at ~390 nm and a weaker negative band at ~500 nm. The latter is dominated by the stimulated emission (SE) of NA, as indicated by the good agreement with the shape of the steady-state fluorescence spectrum of NA ( Figure S1C ). With increasing [MeOH], the fraction of the molecules Page 11 of 40
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   12 in folded states and the effective ET efficiencies are reduced 8, 12 ( Figure S2 ), leading to reduced amplitudes of the long-lived SE and the induced, most likely excited state absorption (ESA) of NA at 390 nm. The details of this process illustrated by the temporal evolution of the TA spectra ( Figure   3 ) and the kinetic traces at representative wavelengths (Figure 4 , dotted lines), however, indicate more complex features, such as an ultrafast red-shift and decay of the near-UV ESA and a slower progressive change in the kinetics (cf. traces at 460 and 510 nm) in the first picoseconds.
It is obvious to suppose that an adequate model for the experimental TA kinetics can be based on a set of first order reactions, since only intra-molecular processes are involved. Accordingly, as a first step, the TA dataset was analyzed by individually fitting the kinetics at a few wavelength values with a sum of exponentials, as presented in Figure S3 and Table S1. In the absence of MeOH In order to retrieve the reaction scenario, in a second stage of the analysis the datasets were projected onto decay associated difference spectra (DADS), 44 allowing to model them with a relatively small number of kinetic parameters by applying a global fitting method. The fitting curves obtained are plotted as solid lines in Figure 4 and the corresponding DADS are presented in Figure 5 . This somewhat simplified model still describes all important features of the experimental traces with a good overall accuracy. In addition, the resulting time constants (Table 1) characterize 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 the kinetics at every [MeOH] with definitely low deviations. Obviously, with the measuring device characterized by a Gaussian IRF of σ = 60-70 fs, the fastest component is properly resolved, with typically +/-50 fs error bar. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15
In the final step of the analysis we have to derive the three experimental DADSs from a particular compartmental model, characterized by microscopic rate constants. 44 The simplest model is a sequence of first order reactions involving three transient components j T , the last of which returns to the initial ground state R, with zero differential absorption:
According to the derivation 45 outlined in Section 3 of the SI, the corresponding set of DADS are 
where   j  is the extinction coefficient of state j at wavelength  . Since in (2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Since the time resolution and noise level of our measurements did not make possible to decompose the femtosecond components belonging to the folded and unfolded fraction of the molecules, the measured value of can be considered as a weighted average approximated by
With the plausible hypothesis that U 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 spectra is practically zero ( Figure 1B) . These simplifications result in U
, excellently in accordance with the excited-state lifetime (≤100-300 fs) reported for 9H-Ade, Ado and dAMP. [26] [27] [28] [29] [30] [31] [32] [33] [34] Since the probability of the ET can be expressed by the rate constants as , which is higher by two orders of magnitude than estimated in an early study. 9 The corresponding time constant is ET  = 67  62 fs.
As a consequence of the above assignment of 1  , in the lowest reaction route 2 k and 3 k are assigned to 2  = 1.7  0.8 ps and 3  = 650  230 ps, respectively (averaged values in Table 1 ). In this route the transient states presented in (2) can be identified as follows. In the T1 state F A is bleached and * F A is populated, hence the corresponding extinction coefficient is
In T2 * F A is transformed to a yet unspecified F X state and F A is still bleached, that is
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With the above assignment of the rate constants and transient states, ignoring the contribution of k and substituting (6), (7) and (8) into (3), the ET route (2) becomes 
As discussed above and described by (4) the two higher reaction routes in Scheme 2 also have contribution to 1  and -supposing spectral identity in them -the corresponding DADS is
which becomes practically exclusive in 70% or 80% MeOH. According to (9) , in the presence of ET the two major components contributing to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   19 interpretation is consistent with the high amplitude of this peak as compared to the two other experimental DADS (panel B and C in Figure 5 ) which can be assigned exclusively to the ET route (see below). A close peak at ~380 nm was also observed in the ESA of both Ado 30 and dAMP, 31 supporting this assignment. However, the additional weak peak around 600 nm occurring in the ESA of these model compounds is missing in this DADS at any [MeOH], indicating that even in the open conformer of NADH the electronic band system of A in some extent is perturbed by NA.
In pure water an additional feature of negative band at ~400 nm and a positive one at ~500 is added to the main peak. Both the size and the shape of this feature is similar to that in panel B and C of Figure   S1A ). In harmony with the interpretation of the features in Figure 2 , the negative peak at ~390 nm is attributed to ESA of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 1B ). This might be explained by a small amount of direct excitation of NA via its extended absorption at 260 nm. 9, 43 Page 20 of 40
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A value of r = 0.52 nm can be estimated from the average inter-ring distance calculated in a molecular dynamics study on NAD+ in explicit water. 15 Although this study reports also an average value of 148 for the angle between the two groups together with other structural parameters, to obtain an established value for 2  more direct calculations of the transition dipole moment orientations would be needed. In the absence of this, Figure 6 the obtained Förster radius is very low, mainly due to the low (6.8x10 -5 ) quantum yield of A, as a consequence of its ultrafast nonradiative relaxation. However, it is still higher than inter-ring distance unless 2  is considerably lower than 2/3, the value corresponding to the random mutual orientation of the donor and acceptor transition moment. Accordingly, in a very wide range 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 of 2  the probability F p lies within the one standard deviation band of p, calculated from the kinetic data. This robust coincidence indicates that -despite the extremely low distance between the donor and the acceptor, the Förster theory, elaborated for very weak coupling, describes accurately the high efficiency of the ET, and also confirms the self-consistency of our model. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 exciplex formation can be initiated on excitation of the A group. Indeed, theoretical studies on the adenine analogue 2-aminopurine, forming π-stacking interactions with adenine or guanine nucleobases resulted in the occurrence of minima on the potential energy surfaces, corresponding to exciplex formation. 48 
CONCLUSIONS
The main focus of this study is to kinetically characterize the sequence of the events initiated by the excitation of the NADH molecule at its A group. We find that for the fraction of molecules in folded conformation (f = 0.26) the actual energy transfer is completed in a very rapid (~70 fs) step, taking place with a probability of p = 0.77. The sudden acceptance of energy creates a vibrationally hot excited state of NA, and the corresponding vibrational cooling takes place in the second step (1.7 ps). Finally, the excited NA relaxes to its ground state (650 ps). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 24
In addition to the above kinetic description we made an attempt to disclose also the mechanism of the ET process. Formal application of the Förster-type dipole-dipole interaction model resulted in a surprisingly good agreement in the probability (and hence inherently also in the rate) of the ET with the value obtained by the above kinetic analysis. No indications in our data were found supporting the occurrence of collective excited states in the form of an exciplex or exciton, which would be possible alternatives of a true Förster mechanism and were proven to have substantial role in the photoprocesses of adenine di-and oligonucleotides. On the other hand, the actual ET could be more complex than that dictated by the Förster model, the validity of which is indeed questionable for the present sub-nm donor-acceptor distances. It was found, however, that in many cases where the orbital overlap of the two chromophores has be also taken into account to properly describe the ET process, the Förster model still provides good approximations since the dipole- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Page 25 of 40
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